This study numerically investigates mechanisms of NO x reduction when pure NO is injected into a diesel engine intake. In a previous experiment, emissions were reduced successfully with NO concentrations above 600 ppm at the intake. However, the NO x suppression was significantly smaller when premixed NO concentrations were 600 ppm or below. To explain these observations, the contributions of active species O, OH, H, and N to the production of thermal NO were estimated numerically. First, the equilibrium concentrations of CO 2 , CO, H 2 O, H 2 , O 2 , O, OH, H, and N 2 in flames with various equivalence ratios were calculated. The concentrations of quasi-steady-state N and the NO production rate were then calculated based on the active species concentrations. The analysis shows that the reduced NO suppression at lower premixed NO concentration is primarily due to the role of N changing from production to decomposition of NO in fuel-rich regions when the NO concentration exceeds around 1200 ppm.
Introduction
Diesel engines, which feature high thermal efficiency, have become more important due to the mounting pressure to reduce CO2 emissions and to reduce fossil fuel consumption. To meet the requirements for diesel exhaust gas emissions, we have been studying an exhaust-gas aftertreatment system that reduces NOx by injecting highly concentrated NO into the engine intake. NO is expected to be reduced through the reactions in the extended-Zeldovich mechanism: NO + N → N2 + O, NO + O → N + O2, and NO + H → N + OH. Even if the premixed NO concentration is lower than the equilibrium NO concentration in the combustion chamber, the addition of premixed NO decreases the NO production rate, leading to suppression of NOx emissions. In our system, the highly concentrated NO that is injected into an intake is produced from NOx in the exhaust gas using the temperature swing adsorption (TSA) (Kuwahara et al., 2011 , Yoshida et al., 2009 , 2012 , 2013a . The NOx reduction by injection of pure NO into an engine intake was studied for a stationary diesel engine that had a cylinder of 219 cm 3 displacement and a 2 kW rating output (Yoshida et al., 2013c) . Figure 1 shows the results of this study. The graph shows the NOx reduction ratio as a function of the premixed concentration of NO at the intake. 'NOx reduction ratio' has the meaning that the ratio of the reduced amount of NOx production to the amount of injected NO, and defined as Eq. (1), being based on experiment.
NOx reduction ratio = 1 -ΔCNOx1 /ΔCNOx2 (1) (ΔCNOx1: the increased NOx concentration in exhaust gas in case that NO is injected into the intake, ΔCNOx2: the increased NOx concentration in exhaust gas in case that NO is injected into the exhaust pipe.) A maximum NOx suppression of about 35% was obtained. The figure also shows that 1) the NOx reduction ratio is higher with higher engine loads and 2) the NOx reduction ratio is significantly smaller for premixed NO concentrations below 600 ppm.
To understand those experimental results, it is necessary to find what reactions occur in flames with various equivalence ratios. There are a number of detailed studies simulating combustion in diesel engines with exhaust gas recirculation (EGR) (Lee and Huh, 2014 , Johansson, et al., 2013 , Helmantel and Golovitchev, 2009 ), but it is difficult to apply their findings to our results because the NO concentrations at the intake were much lower in those studies than the ones in our experiments, and because the oxygen concentration at the engine intake varies with changing EGR ratio. There are also a number of analytical studies about burners, investigating premixed flames with NO initially mixed (Knyazkov, et al., 2009 , Feng, et al., 1998 , Williams and Fleming, 1994 , Branch, et al., 1991 , Zabarnick, 1992 Etzkorn, et al., 1992) . However, no studies directly pertain to our questions because of the much lower temperature range or the absence of N2 in the feed gas mixtures. In this study, we first calculated the compositions of adiabatic combustion flames, based on the conditions of our previous work (Yoshida, et al., 2013b) . We then investigated how active species in flames, such as N, H, OH, and O, contribute to the NO production reactions through the extended-Zeldovich mechanism.
Methods for calculation
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The extended-Zeldovich mechanism is commonly used to describe NO generation in diesel engines. It is represented by the elementary reactions (2)-(4).
The mechanism is highly sensitive to reaction temperature because of the high activation energies of N2 and NO dissociation. Also, the temperatures inside and outside the combustion flame are dramatically different. Thus, the majority of the NO is generated in the vicinity of the flame, and NO is generated only during and immediately after the fuel combustion stage (corresponding to a crank position of around 20°) (Kitada, et al., 2010 , Konishi, et al., 2011 . This analysis focuses on the NO production rates in combustion flames with equivalence ratio φ from 0.8-1.5. In this study, the equivalence ratio is defined as the reciprocal of the air excess ratio.
Items (a)-(c) below summarize the assumptions and the procedure for the calculation. The compression ratio of the model engine was 20.6. A more detailed description including reaction rate coefficients is presented in Yoshida, et al., 2013b. (a) The fuel consists solely of n-C16H34 (n-hexadecane). (b) The adiabatic combustion temperature and the concentrations of CO2, CO, H2O, H2, O2, O, OH, H, and N2 reach an equilibrium at the crank position of 20°. Since NO producing reactions are much slower than those of the above species, NO and N are excluded from the equilibrium calculation. The pressure was calculated to be 68.19 atm, based on the assumption that the combustion gas adiabatically expanded 12.97 times, corresponding to the change in crank position from 20° to 180°. The exhaust gas temperature, which was necessary for calculating the pressure, was experimentally obtained as 553.15 K. The adiabatic combustion temperature and the equilibrium concentrations of the above nine species were obtained by a repeated calculation with a computer program under the condition that the total enthalpy did not change throughout the combustion. The equilibrium constants and enthalpies of formation of those species were obtained from JANAF tables of thermochemical properties (1985) . (c) The NO production rates and the concentration of N were determined using the obtained equilibrium concentrations of the nine species and the adiabatic flame temperatures. This assumption is justified because it has been reported that NO doping has a negligible effect on the combustion temperature (Knyazkov, 2009 
[N] in Eq. (5) (Miller and Bowman, 1989) .
In this study, the contributions of the species O, H, OH, and N to the NO production are defined by Eqs. (7)- (10). By estimating its dependence on ln[i], the contributions of the active species can be compared in spite of large differences in their abundances. Table 1 shows reaction rate coefficients used in this study k+1, k+2, and k+3 (Hori, 1978) . The reaction rate coefficients k−1, k−2, and k−3 were determined using the relation k+n k−n = Kn (Kn: the equilibrium constant). Kn were calculated by Eq. (11).
where R is the gas constant, T is a flame temperature, andΔGrn is the reaction Gibbs free energy at the flame temperature T, which were obtained from JANAF tables of thermochemical properties (1985) . Figure 2 shows the molar concentrations of OH, O, O2, and H as functions of the equivalence ratio φ. The molar concentration of OH, [OH] , was the largest among the four species and showed a maximum at φ of 0.9-1.0. Smaller [OH] for φ < 0.9 and φ > 1.0 are due to lower flame temperatures and the lack of O and O2, respectively. [O] and [H] showed their maxima at φ of 0.9 and 1.2-1.3, respectively. Figure 3 shows the concentration of quasi-steady-state N as a function of φ for cases of several premixed NO concentrations.
Results and discussion
[N] was lower than [OH] by more than five orders of magnitude due to the large activation energies of N2 and NO dissociation. For NO concentrations up to 300 ppm, [N] reached its maximum at φ of around 1.0. Equation (6) indicates that this peak results from the peak of [O] in Fig. 2 and that the forward reaction of Eq. (2) The maximum effect of OH, which contributes to NO production through reaction (4), shifted from φ of 1.0 to 1.0-1.1 with increasing premixed NO. Since the magnitude of the effect of OH was less than that of H and tended to saturate with increasing NO concentration, the results of H and OH imply a gradual increase in NOx reduction ratio with increasing NO concentration in Fig. 1 . Figure 6 shows the contribution of N to NO production as a function of φ. Although the concentration of N was much smaller than those of H and OH, its effect was just as large. For NO concentrations up to 1200 ppm, N contributed only to NO production through reaction (4) (NO production through reaction (3) is negligible). And the effect to promote NO production slightly increased with increasing NO premixed concentration. This explains the lower NOx reduction ratio for NO premixed concentrations up to 600 ppm in Fig. 1 . In contrast, for NO concentrations above 1200 ppm, N contributed to NO decomposition through the reverse reaction (2) in the region of higher φ-the discussion on Fig. 2 and 3 indicates that N generated by H decomposes NO in rich regions. The role of N changing from production to decomposition of NO explains the curve of NOx reduction ratio for low NO concentration range in Fig. 1 . However, the analysis in this study does not explain the observation that the NOx reduction ratio reached nearly constant values at premixed NO concentrations of 600 ppm. Extending the investigation to include reactions with hydrocarbon species (Knyazkov, et al., 2009 , Feng, et al., 1998 , Williams and Fleming, 1994 , Branch, et al., 1991 , Zabarnick, 1992 Etzkorn, et al., 1992) may be necessary to gain a more precise understanding.
The above results show that NO decomposition is expected to occur in the fuel rich region around the flames in a combustion chamber. In addition, the higher NOx reduction ratio with larger engine loads shown in Fig. 1 is explained by the larger flame region produced by increased fuel injection. 
Conclusion
The effects of active species induced by injected NO on the reduction of NO in a combustion process were investigated based on the extended-Zeldovich mechanism. Under the conditions in this study, the analysis showed that when the premixed concentration of NO was larger than 1200 ppm, N produced by H through the reaction with NO decomposed NO in fuel rich region, while at NO concentrations below 1200 ppm, N generated by O produced NO via the reaction with OH. The results are in qualitative agreement with the lower NOx reduction ratio at lower NO injection rate observed in experiments. Higher NOx reduction ratio with higher engine loads can be explained by the broader fuel-rich region at higher loads.
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